ABSTRACT. Histopathologically, fibrosis in Fasciola-infected cattle livers was characterized by inflammatory cell infiltration, such as eosinophils and macrophages, pseudo-lobule, pseudo-bile ducts and fibrotic bridges separating pseudo-lobules; the fibrotic lesions were developed in the Glisson's sheath. Pseudo-bile ducts consisting of epithelial cells reacted clearly to cytokeratin (CK) 19, indicating cholangiocyte origin. Immunophenotypes of macrophages and myofibroblasts were investigated in the fibrotic livers. Macrophages positive for CD68 (reflecting phagocytosis) and CD163 (representing proinflammatory cytokine production) were increased, and those for CD204 (implying lipid metabolism) and Iba-1 (a calcium-binding protein playing role in chemotaxis) decreased in fibrotic livers compared to control livers. Spindle-shaped myofibroblasts positive for vimentin, desmin and α-smooth muscle actin (α-SMA) increased in the peribiliary connective tissues, although the desmin-positive cells were fewer. In addition to the usefulness of these antibodies for macrophage detection in cattle livers, this study shows that macrophages with different immunophenotypes participate in Fasciola-infected cattle livers, in relation to development of myofibroblasts expressing mainly vimentin and α-SMA.
Biliary fibrosis is the outcome of wound healing responses due to persistent or repeated injuries to cholangiocytes in cholangiopathies [23, 34] . Uncontrolled biliary fibrosis progresses toward cirrhosis which is characterized by diffuse nodular fibrotic lesions throughout liver tissues; the advanced conditions should culminate in hepatic insufficiency [47] . Cholangiopathies in humans, such as sclerosing cholangitis, drug-induced cholangiocyte damage, autoimmunity and obstruction of bile ducts due to cholelithiasis, have been implicated in abnormal remodeling of bile ducts leading finally to biliary fibrosis in the Glisson's sheath. In veterinary medicine, along with aforementioned causes, liver fluke (Fasciola spp.) infections are important for hepatic failure in cattle. In the infection, hepatocyte damage is caused by migration of immature parasites at the acute stage; then, adult parasites invade bile ducts in the Glisson's sheath and settle within the ducts at the chronic stage [1] . The infection causes cholangitis, cholangiocyte hyperplasia and biliary fibrosis, and cirrhosis may be developed in cattle with severe and persistent infection [28] ; this condition may result in poor weight gain, reduced milk and meat yield, and infertility at the final stage [22, 30] . Such significant economic loss due to liver fluke infection is a major public health problem in some parts of the world, especially in East Asia, East Europe, Africa and Latin America [26, 27, 50] . However, the pathological events in liver fluke infection-associated biliary fibrosis have not been investigated in detail at cellular levels, although the appearance of eosinophils is well known [28] .
Fibrosis is a complex process characterized by inflammatory cell infiltrates and excessive deposition of extracellular matrices (ECMs). Out of the inflammatory cells, macrophages play a central role in fibrogenesis via production of fibrogenic factors [2, 43] ; the most effective factor is transforming growth factor-β (TGF-β) [19] . The macrophages appearing in fibrotic lesions induced in rats by hepatotoxicants have been demonstrated to be heterogeneous in immunophenotypes [18] . Based on immunoexpressions with different antibodies for macrophages, these cell types in rat hepatic fibrosis have properties, such as phagocytic activity, proinflammatory factor production and MHC class II expression [29] . These hepatic macrophages may be recruited from Kupffer cells, blood monocytes and interstitial dendritic cells present in the Glisson's sheath [11, 29] . The ECMs are produced by myofibroblasts. In the hepatic fibrosis after parenchymal injury, myofibroblasts have been considered to be derived from hepatic stellate cells (HSCs) [9, 14] . On the other hand, pre-existing fibroblasts may be the precursor of myofibroblasts in biliary fibrosis [3, 12, 37] . The myofibroblasts can express various cytoskeletons, such as vimentin, desmin and α-smooth muscle actin (α-SMA). The cellular properties have not yet been characterized in liver fluke infection-induced biliary fibrosis in cattle.
In order to shed some light behind the pathogenesis of biliary fibrosis, in this study, we investigated the properties of macrophages and myofibroblasts in liver fluke infectioninduced cattle liver lesions by using the immunohistochem-istry with a panel of antibodies for detection of macrophages and myofibroblasts. This study shows that macrophages with heterogenous phenotypes participate in the lesions, and myofibroblasts express various mesenchymal cytoskeletons, particularly vimentin and α-SMA.
MATERIALS AND METHODS
Samples: Fasciola-infected adult cattle livers involving biliary fibrosis (n=8), termed as fibrotic livers, obtained at 2 abattoirs in Osaka, Japan were used in this study. Normal tissues (n=4) distant from the lesions served as control livers. Macroscopic examination of the affected areas of the fibrotic livers revealed whitish discoloration, surface irregularity, thinning of edge, firmness in cutting and Fasciola spp. in the bile ducts on the cut surface. The study protocol conformed to the institutional guidelines of Osaka Prefecture University for handling and use of biological specimens for experimental purposes.
Histopathology and immunohistochemistry: Fibrotic and control liver tissues were fixed in 10% neutral buffered formalin and Zamboni's fixative (0.21% picric acid and 2% paraformaldehyde in 130 mM phosphate buffer, pH 7.4) [17] . These tissues were dehydrated and embedded in paraffin. Formalin-fixed deparaffinized sections of 4 µm thick were stained with hematoxylin and eosin (HE) and AzanMallory methods for histopathology. The Zamboni-fixed, deparaffinized sections were used for all immunohistochemical staining with monoclonal mouse anti-CD68, anti-CD163 (AM-3K) and anti-CD204 (SRA-E5; a macrophage scavenger receptor) antibodies, as well as rabbit polyclonal anti-ionized calcium binding adaptor molecule-1 (Iba-1), antibody for macrophages; monoclonal mouse anti-vimentin, anti-desmin and anti-α-SMA antibodies for mesenchymal cells/myofibroblasts; monoclonal mouse anti-cytokeratin (CK) 19 antibody for bile duct epithelial cells. The detail information of these antibodies is given in Table 1 .
After antigen retrieval with heat (microwave in citrate buffer for 20 min), trypsin (0.1% trypsin in phosphate buffered saline (PBS) for 30 min at 37°C) or proteinase K (10 µg/ml proteinase K in Tris-HCl (50 mM, pH 7.5) for 15 min) as shown in Table 1 , tissue sections were treated with 3% H 2 O 2 in PBS to quench endogenous peroxidase and then with 5% skimmed milk in PBS to inhibit nonspecific reactions. The sections were incubated with each primary antibody overnight (2 overnights for anti-CD163 antibody) at 4°C, followed by reaction with the secondary antibody (Histofine Simple Stain MAX-PO, Nichirei, Tokyo, Japan). Positive reactions were visualized with 3, 3′-diaminobenzidine (DAB Substrate Kit, Vector Laboratories, Inc., Burlingame, CA, U.S.A.). Sections stained with non-immunized mouse or rabbit serum instead of primary antibodies were all negative, and served as a negative control. Sections were counterstained lightly with hematoxylin.
Cell count and statistical analyses: Cells showing a distinct immunopositive reactions for CD68, CD163, CD204 and Iba-1 were counted in 5 randomly selected areas (0.2 mm 2 ) of each sample at the periportal (including the Glisson's sheath) and perivenular areas of the control livers, as well as portal fibrotic tissues and pseudo-lobules of the fibrotic livers at a magnification of 400× using ImageJ software version 1.44 (NIH, Bethesda, MD, U.S.A.). Cells positive for vimentin, desmin and α-SMA were evaluated semi-quantitatively using grades as shown in Table 2 . Obtained data represented mean ± standard deviation (SD), and statistical analysis was performed using student's t-test. Significance was set at P<0.05.
RESULTS

Histopathology:
As control liver tissues, the authors used portions without any lesions (Fig. 1A) . Grossly, the liver fluke-infected areas of the fibrotic livers had irregular surface, and there were liver flukes in some dilated bile ducts. Histopathologically, the lesions consisted of fibrosis with pseudo-lobule formation. The fibrotic lesions were composed of inflammatory cells, spindle-shaped cells and deposition of collagen fibers, forming bridges by which pseudo-lobules were separated (Fig. 1B) . The greatest fibrotic lesions were found to be developed exclusively in the Glisson's sheath, because there were interlobular veins, interlobular arteries and interlobular bile ducts. Eosinophils were frequently seen in the fibrotic lesions (Fig. 1C, inset) , and mononuclear cells were also observed often. The deposition of collagen fibers forming bridges was clearly demonstrated by Azan-Mallory methods (Fig. 1D) . In addition to the ductular reaction, called pseudo-bile ducts, in the affected Glisson's sheath, newly-formed blood vessels were frequently seen. Based on histopathological findings, the liver fluke-infected fibrotic lesions were regarded as biliary fibrosis at the advanced stage.
Macrophage immunophenotypes: The numbers of macrophages positive for CD68, CD163, CD204 and Iba-1 were counted in control and fibrotic livers, and the statistical evaluation data are presented in Fig. 2 . In control livers, the numbers of macrophages reacting to CD68 ( Fig. 2A) , CD163 (Fig. 2B), CD204 (Fig. 2C) and Iba-1 (Fig. 2D) were all greater in the periportal areas (including the Glisson's sheath) than those of perivenular areas. On the other hand, in fibrotic livers, the numbers of macrophages reactive for CD68 ( Fig. 2A) and CD163 (Fig. 2B) were higher in the portal connective tissues compared to those in the parenchyma in the pseudo-lobules. By contrast, the numbers of macrophages positive for CD204 (Fig. 2C ) and Iba-1 (Fig.  2D) were lower in the portal connective tissues compared to those in the pseudo-lobules. We compared the average number between control and fibrotic livers; overall, macrophages expressing CD68 and CD163 in the fibrotic livers were significantly increased in contrast to those in the control livers ( Fig. 2A, B) ; on the other hand, those positive for CD204 and Iba-1 showed a significant decrease in fibrotic livers than control livers (Fig. 2C, D) .
In the control livers, CD68-, CD163-, CD204-and Iba-1-positive macrophages were sporadically distributed in the hepatic parenchyma and the periportal areas (including the Glisson's sheath) (Fig. 3A, C, E, G, respectively) . The cytoplasm of the CD204-positive macrophages appeared to be slightly enlarged (Fig. 3E ) in contrast to macrophages reacting to CD68, CD163 and Iba-1. Based on the distribution of these macrophages, it was considered that Kupffer cells located along the sinusoids of the liver lobules and tissue macrophages in the Glisson's sheath reacted to these antibodies in varying degrees. In fibrotic liver tissues including the Glisson's sheath, macrophages reacting to CD68 (Fig. 3B), CD163 (Fig. 3D) , CD204 (Fig. 3F ) and Iba-1 (Fig. 3H) were often seen; particularly, the numbers of cells reacting to CD68 and CD163 were greater in fibrotic livers as mentioned in the statistical evaluation ( Fig. 2A-D) .
Immunophenotypes of mesenchymal cells and myofibroblasts in the Glisson's sheath:
Semi-quantitative analysis on the expressions of vimentin, desmin and α-SMA in control and fibrotic livers is presented in Table 2 . Pre-existing and newly-formed vascular smooth muscles were reactive for desmin and α-SMA, which thus were excluded from the evaluation. In control livers, spindloid cells reacting to vimentin (Fig. 4A), desmin (Fig. 4C ) and α-SMA (Fig. 4E) were present along the sinusoid, indicating that HSCs in cattle react to these antibodies as mesenchymal markers. Additionally, vimentin-positive cells seen in the Glisson's sheath are considered to be pre-existing mesenchymal cells/ portal fibroblasts; on the contrary, desmin and α-SMApositive cells were rarely seen in the Glisson's sheath.
In the fibrotic liver tissues including the Glisson's sheath, mesenchymal cells reacting to vimentin (Fig. 4B) , desmin ( Fig. 4D ) and α-SMA (Fig. 4F) were seen more frequently. Particularly, vimentin and α-SMA-positive cells (Fig. 4B , 4F, respectively) were greater than that of desmin-positive cells (Fig. 4D) in the fibrotic livers. Interestingly, α-SMApositive cells appeared surrounding the hyperplastic interlobular bile ducts (Fig. 4F, arrows) . As mentioned above, smooth muscle cells in newly formed blood vessels reacted strongly to α-SMA (Fig. 4F, arrowheads) .
Immunohistochemistry for cholangiocytes: Immunoreactivity for CK19, a marker of cholangiocyte, was limited to the epithelial cells of interlobular bile ducts in the Glisson's sheath in the control livers (Fig. 5A) . By contrast, CK19-immunopositive cholangiocytes in the interlobular bile ducts involved in the fibrotic livers were clearly seen (Fig. 5B) . Additionally, CK19-positive cells were observed in the fibrotic livers; some of them were sporadically present as a single cell or clusters consisting of a few cells, and the others formed ducts without clear lumen (Fig. 5C) . Therefore, the frequency of CK19-positive cholangiocytes was increased in the fibrotic livers.
DISCUSSION
Histopathology: Biliary fibrosis is the subtype of hepatic fibrosis which is frequently associated with ductular reactions (hyperplasia/proliferation which form pseudo-bile ducts) and structural alteration [24, 40] . The biliary fibrotic lesions of the present cattle were characterized by pseudolobule formation, proliferation/hyperplasia of bile ducts and fibrotic bridges. The fibrotic bridges were formed between portal and portal areas, between portal and central vein areas or central vein and central vein areas [39] . Ductular reaction is regarded as "pacemaker of portal fibrosis" and used as an indicator for assessment of degrees of hepatic fibrosis [5, 34, 38] . In the current study, marked ductular reaction was observed by the immunoreactivity with CK19
antibody, indicating the advanced stage of hepatic fibrosis for the present cases examined. The ductular reaction may be derived from metaplasia of hepatocytes without function [49] . A single epithelial cell and cellular clusters consisting of a few epithelial cells, which were reactive for CK19, may be metaplastic cells of hepatocytes, because cholangiocytes and hepatocytes have been considered to be generated from the common progenitors, termed as oval cells [45, 49] . Periportal region with advancing fibrosis might serve as a niche for the metaplasia of progenitor cells [10] . Macrophages: Eosinophil infiltration was clearly observed as the major inflammatory cell type in the present case as reported previously in cattle livers infected with Fasciola spp. [46] . In addition to eosinophils, mononuclear cells were observed in the fibrotic livers. The mononuclear cells were regarded as macrophages by the present immunohistochemistry. Macrophages have been demonstrated to have crucial roles in fibrogenesis. TGF-β1, a potent fibrogenic factor, produced by macrophages can incite myofibroblast development [2, 19, 43] . Previously, the appearance of macrophages has been demonstrated to play roles in Schistosoma-infected livers in mice [48] . The current study showed that macrophages appeared in close proximity with collagen-producing myofibroblasts in the portal connective tissues in Fasciola-induced biliary fibrosis, indicating involvement of macrophages in fibrogenesis due to liver fluke infection (Fascioliasis). Factors produced by cholangiocytes in ductular reaction, which is commonly observed in Fasciola-infected livers, might recruit macrophages in the Glisson's sheath undergoing fibrogenesis [4, 20] . However, the factors remain to be investigated. In the present study, we attempted to investigate the immunophenotypes of macrophages. In the control livers, macrophages reacting to CD68, CD163, CD204 and Iba-1 were detected along the sinusoids; these findings for the first time showed that these antibodies would be useful for the detection for hepatic macrophages in cattle. Furthermore, the present study demonstrated that macrophages reacting to these antibodies were greater in the number in the periportal areas than in the perivenular areas, indicating that Kupffer cells are more predominant in the periportal areas [33] . CD68 up-expression may imply the activated phagocytosis, because CD68 is located on lysosomal membrane, especially phagolysosome of blood monocyte-derived exudate and resident macrophages [6, 42] . CD163 is a cell-surface glycoprotein receptor, which is highly expressed in resident macrophages [8] , and triggers the production of proinflammatory mediators, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6 [36] , and it may also acts as endocytic scavenger receptor for hemoglobin-haptoglobin complex which can mediate clearance of free hemoglobin from the circulation [13] ; therefore, CD163-expressing macrophages may be related to the proinflammatory cytokine production and phagocytosis. CD204 is a principal receptor of macrophages whose major function is to eliminate target ligands, such as modified low density lipoprotein [15, 35, 44] . Iba-1, also known as allograft inflammatory factor-1 (AIF1), is critically involved in motility-associated rearrangement of the actin cytoskeleton [21, 32] .
Interestingly, in the fibrotic livers, the numbers of macrophages positive for CD68 and CD163 were significantly greater than those in control livers, whereas macrophages reacting to CD204 and Iba-1 were decreased. Although the reason should be investigated further, macrophages in the fibrotic livers might have been considered to show increased phagocytosis and proinflammatory factor production rather than lipid metabolism and mobility. At least, it was considered that macrophages with different functions might participate in the biliary fibrosis associated with liver fluke infection in cattle. To our knowledge, these investigations on macrophage properties are the first trial for fibrosis in liver fluke-infected cattle.
Myofibroblasts in the Glisson's sheath with fibrosis: Myofibroblasts are identified by immunoexpressions of cytoskeletons, such as α-SMA, vimentin and desmin, and the myofibroblasts play important roles in hepatic fibrosis by producing ECMs [16, 25] . HSCs along the sinusoids and pre-existing fibroblasts in the Glisson's sheath may be the precursors of myofibroblasts [3] . The portal fibroblasts are characterized by vimentin positivity but do not react to desmin, and HSCs in normal rat livers are identified by vimentin and desmin reactions [34] . α-SMA expression is seen in well-differentiated myofibroblasts in advanced fibrosis [31, 47] . In the fibrotic lesions of the present cattle, desminpositive cells were infrequently seen, and vimentin-positive cells were moderately or frequently present. Interestingly, α-SMA-positive cells were markedly increased in the fibrotic livers. These findings indicated that myofibroblasts expressing α-SMA might be derived from the pre-existing portal fibroblasts rather than HSCs, as have been mentioned in rat biliary fibrosis [3, 7] .
In summary, in addition to the availability of different antibodies (against CD68, CD163, CD204 and Iba-1) for macrophage detection in cattle tissues, this study demonstrates that macrophages immunopositive to these antibodies are present more predominantly in the periportal areas than in the perivenular areas. Furthermore, it was found that CD68-and CD163-positive macrophages participated in the biliary fibrosis of cattle; on the other hand, CD204-and Iba-1-positive macrophages were less in number. On the basis of possible functions demonstrable with the immunohistochemistry with these antibodies, macrophages appearing in the fibrotic areas might have properties, such as phagocytosis and proinflammatory factor productions. It was found that myofibroblasts, which are considered to contribute to fibrogenesis, reacted moderately or strongly to vimentin and α-SMA; however, desmin-positive cells were rarely seen. Along with eosinophils that have been considered to be a possible source of TGF-β1 [41] , this study shows that macrophages also participate in fibrosis associated with liver fluke infection in cattle, in relation to development of myofibroblasts expressing vimentin and α-SMA.
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